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reveal biological pathways that are implicated 
in spastic ataxia
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Abstract 

Background:  Spastic ataxias (SAs) encompass a group of rare and severe neurodegenerative diseases, characterized 
by an overlap between ataxia and spastic paraplegia clinical features. They have been associated with pathogenic 
variants in a number of genes, including GBA2. This gene codes for the non-lysososomal β-glucosylceramidase, which 
is involved in sphingolipid metabolism through its catalytic role in the degradation of glucosylceramide. However, the 
mechanism by which GBA2 variants lead to the development of SA is still unclear.

Methods:  In this work, we perform next-generation RNA-sequencing (RNA-seq), in an attempt to discover differen‑
tially expressed genes (DEGs) in lymphoblastoid, fibroblast cell lines and induced pluripotent stem cell-derived neu‑
rons derived from patients with SA, homozygous for the GBA2 c.1780G > C missense variant. We further exploit DEGs 
in pathway analyses in order to elucidate candidate molecular mechanisms that are implicated in the development of 
the GBA2 gene-associated SA.

Results:  Our data reveal a total of 5217 genes with significantly altered expression between patient and control 
tested tissues. Furthermore, the most significant extracted pathways are presented and discussed for their possible 
role in the pathogenesis of the disease. Among them are the oxidative stress, neuroinflammation, sphingolipid signal‑
ing and metabolism, PI3K-Akt and MAPK signaling pathways.

Conclusions:  Overall, our work examines for the first time the transcriptome profiles of GBA2-associated SA patients 
and suggests pathways and pathway synergies that could possibly have a role in SA pathogenesis. Lastly, it provides a 
list of DEGs and pathways that could be further validated towards the discovery of disease biomarkers.
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Background
Spastic ataxias (SAs) comprise a group of rare neurode-
generative diseases that are characterized by an overlap 
between ataxia and spastic paraplegia clinical features. 
Their main symptoms include spasticity and weakness 
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in the limbs, as well as gait and balance impairment, 
which are often accompanied by additional neurologi-
cal or extra-neurological features. These diseases are also 
characterized by an early age of onset, usually before the 
age of 20 years. The neuronal structures that are mainly 
degenerated are the cerebellum, the brainstem, the spi-
nocerebellar tract and/or the sensory tracts of the spinal 
cord, as well as the corticospinal tracts [1, 2].

SA associated pathogenic variants have been identi-
fied in genes originally associated with hereditary cer-
ebellar ataxia (HCA) or hereditary spastic paraplegia 
(HSP) forms, including the SPG7, SACS, FXN, ATXN1, 
CYP27A1, CAPN1, SETX, SYNE1, CACNA1A, AFG3L2, 
GBA2 and other genes [1, 3–5]. We have previously 
reported a novel missense GBA2 variant (c.1780G > C, 
[p.Asp594His]) in a Cypriot consanguineous family with 
SA [5]. The GBA2 gene encodes the non-lysosomal glu-
cosylceramidase (GBA2), an enzyme that participates in 
the sphingolipid metabolism. In particular, GBA2 cataly-
ses the removal of glucose from glucosylceramide (Glc-
Cer) and the hydrolysis of bile acid–3-O-β-glucosides 
(BG) [6].

However, the exact mechanism by which the vari-
ant GBA2 leads to the development of SA still remains 
unclear. Our previous biochemical investigation in 
lymphoblastoid cell lines (LCLs) of patients diagnosed 
with the biallelic GBA2 c.1780G > C missense variant, 
showed lack of GBA2 enzyme activity, accumulation of 
GlcCer and increased activity of the lysosomal gluco-
sylceramidase (GBA) [7]. Other in-vitro studies have 
shown that the GBA2 protein expression and activity 
in COS-7 and HeLa cells transfected with the missense 
variant c.1780G > C [p.Asp594His] was decreased com-
pared to the wild type (WT) [8]. In addition, evaluation 
of the effect of this missense variant (p.Asp594His) and 
a frameshift variant on protein localization in HeLa, SH-
SY5Y, primary rat hippocampal cells and in U2OS cells, 
demonstrated localization throughout the cell similar to 
that of the WT GBA2. On the other hand, C-terminally 
truncated GBA2 variants translocated to mitochondria, 
led to mitochondrial fragmentation and abolishment of 
the mitochondrial transmembrane potential in U2OS 
cells, which was not observed for the GBA2 missense 
variant Asp594His or the frameshift variant M510Vfs*17 
(c.1528_1529del) [9]; nevertheless the possibility that this 
variant may have another uncharacterized association to 
mitochondrial function and/or related processes cannot 
be excluded. Based on the above, we hypothesize that the 
pathogenesis of SA could be due to dysregulation of the 
sphingolipid metabolism and loss of its enzymatic activ-
ity in patient derived LCLs that has already been dem-
onstrated. However, we cannot exclude the possibility 
that GBA2 might have additional unknown function(s) 

and therefore additional pathways may contribute to the 
disease pathogenesis either through a synergistic and/or 
interacting activity with the sphingolipid metabolism, or 
through a sphingolipid-independent manner.

In this study, we perform comparative transcriptome 
analysis on LCLs, fibroblast cell lines (FCLs) and induced 
pluripotent stem cell (iPSC)-derived neurons from 
patients with the GBA2 c.1780G > C variant and control 
individuals, in order to find genes with altered expression 
that could be further analysed, aiming at the elucidation 
of candidate pathways possibly implicated in the develop-
ment of the GBA2-associated SA. Since neurons are the 
primarily affected cells in SA, we initially focused on the 
results of iPSC-derived neurons and compared them to 
FCLs and LCLs, in order to investigate if there are com-
mon genes and/or pathways that might be of significance. 
Furthermore, due to the limited availability of iPSC-
derived neurons (only from a single patient and a con-
trol) and due to the possible existence of tissue specific 
pathological mechanisms, we further evaluated the data 
derived from FCLs and LCLs for which we had additional 
samples. Our results demonstrate a number of DEGs 
that clearly separate patient from control samples, some 
of which present with similar expression changes across 
the different tissues. We also highlight the most enriched 
pathways that result from the analyses performed. We 
finally report common candidate pathways to those that 
resulted from our previous work on the analysis of mul-
tiple gene expression datasets from ataxia and spasticity 
phenotypes [10], thus further supporting the implication 
of the hereby proposed pathways in SA.

Methods
In this study, three types of cell lines from patients with 
SA and healthy individuals were expanded and used for 
transcriptome analysis in an attempt to identify genes 
that are differentially expressed in affected as compared 
to control individuals. Selected genes were further evalu-
ated with an alternative quantitative method. The filtered 
lists of DEGs were then used as input in two different 
approaches of enrichment analysis for the discovery of 
candidate pathways that may be implicated in the devel-
opment of SA. A schematic representation of our meth-
odology is illustrated in Fig. 1.

Cell cultures
Lymphoblastoid cell lines cultures
LCLs had been previously established using a standard 
B-cells Epstein-Barr virus (EBV) infection method for 
three patients with SA (PL1-3) and six non-SA control 
individuals (CL1-6), after informed consent. The cell 
lines were cultured and further expanded in RPMI 1640 
medium (Biosera, Nuaille, France), supplemented with 
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10% FBS (ThermoFisher, Massachusetts, USA), and 10U/
mL Penicillin/Streptomycin (Biosera).

Fibroblast cell lines cultures
FCLs were established from skin biopsies of two patients 
with SA (PF1-2), after informed consent. Sex and age 
matched adult human primary dermal fibroblasts were 
purchased from Lonza in order to be used as non-SA 
controls (CF1-2). The cell lines were further cultured and 
expanded in DMEM medium (GIBCO, Thermo-Fisher), 
supplemented with 10% FBS (Thermo-Fisher), and 10U/
mL Penicillin/Streptomycin (Biosera).

iPSC‑derived neurons
iPSCs from a patient and a non-SA control were gen-
erated from skin fibroblasts through a non-integrat-
ing  reprogramming method  based on the expression of 
factors OCT4, SOX2, KLF4, and C-MYC. Different clones 
of iPSCs were isolated and expanded [11]. The  karyo-
type of all the lines was assessed to exclude genetic rear-
rangements due to the reprogramming process (data 
not shown). Dual SMAD inhibition was used for iPSCs’ 

differentiation. The protocol by Kriks et  al. was modi-
fied in order to remove the differentiation factors which 
are specific for dopaminergic induction. The rationale 
of this approach to generate dorsal forebrain neurons is 
detailed in the paper itself [12]. Briefly, cells were cul-
tured in proper media supplemented with specific fac-
tors at proper concentrations as follows. Day 0, 1, 2, 3, 
4: KSR differentiation medium (81% DMEM, 15% KSR, 
100X 1% non-essential amino acids, 100X 1%b-mercap-
toethanol, 100X 1% penicillin/streptomycin, 100X 1% 
amphotericin) supplemented with 10 mM SB431542 and 
100  nM LDN-193189. Days 5 and 6: 75% KSR differen-
tiation medium and 25% N2 differentiation medium (97% 
DMEM, 100X 1% N2 supplement, 100X 1% penicillin/
streptomycin, 100X 1% amphotericin) supplemented 
with 100  nM LDN-193189. Days 7 and 8: 50% KSR dif-
ferentiation medium and 50% N2 differentiation medium 
supplemented with 100 nM LDN-193189. Days 9 and 10: 
25% KSR differentiation medium and 75% N2 differentia-
tion medium supplemented with 100  nM LDN-193189. 
From day 11 to the end of the differentiation: B27 differ-
entiation medium (95% neurobasal medium, 50X 2% B27 

Fig. 1  Flowchart of the study design
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supplement, 1% Glutamax, 100X 1% penicillin/strepto-
mycin, 100X 1% amphotericin) supplemented with 10 ng/
mL brain-derived neurotrophic factor (BDNF), 10  ng/
mL glial cell line-derived neurotrophic factor (GDNF), 
0.2 mM ascorbic acid, and 0.1 mM cyclic AMP. Morpho-
logical characterization using bright-field microscopy 
and expression of neuronal (TUJ1) and dopaminergic 
(TH) markers were used to demonstrate dopaminergic 
activity of the cells (Additional file 1: Fig. S1).

RNA isolation
Total RNA was isolated from all the above cell lines, 
using the NucleoSpin RNA kit (MACHEREY–NAGEL, 
Germany), according to manufacturer’s instructions.

cDNA library construction and sequencing
The Illumina TruSeq Stranded mRNA sample prepara-
tion Kit targeting poly-adenylated RNA (Illumina, San 
Diego, CA), was used for the cDNA library construc-
tion. An initial amount of 1 μg of total RNA was used for 
mRNA purification using poly-T oligo attached magnetic 
beads. Purified mRNA was then fragmented into small 
pieces using divalent cations under heating. The cleaved 
mRNA fragments served as templates for first strand 
cDNA synthesis followed by strand specificity mark-
ing and second strand cDNA synthesis, according to the 
manufacturer’s instructions. The final cDNA library of 
each sample was constructed through end-repair, adap-
tor-ligation, product purification and PCR enrichment. 
The cDNA libraries were qualified and quantified using 
TapeStation 2200 (Agilent, California, USA) and Qubit 
2.0 Fluorometer (Invitrogen, California, USA). Qualified 
cDNA libraries were pooled and paired-end sequenced 
on our in-house Illumina NextSeq500 platform.

The following samples were initially used for this analy-
sis: The three patient and three control LCL samples for 
a total of one technical replicate each, the two patient 
and the two controls FCL samples, the single patient and 
single control iPSC-derived neuron samples for a total of 
one technical replicate each.

A second experiment was performed in order to enrich 
the number of technical replicates for the tissues with 
limited biological replicate availability. cDNA library 
construction and sequencing were repeated for: the two 
patient and control FCL samples twice, thus having a 
total of three replicates per sample and for the patient 
and control iPSC-derived neuron samples once, thus 
having a total of two replicates per sample. All these 
second experiment produced libraries were single-end 
sequenced on the above in-house platform.

Pre‑processing of RNA‑Seq data
Raw data were obtained in fastq format and quality con-
trol (QC) was performed using the FastQC tool version 
0.11.5 [13] in command line. The Phred quality score was 
evaluated across reads and the raw sequences were then 
processed for adaptor filtering using the fastx-trimmer 
command of the FASTX-Toolkit version 0.0.14 [14] in 
command line. Mapping of raw reads was performed 
against the Genome Reference Consortium GRCh37 
using TopHat version 2.1.1 [15]. The human reference 
genome was downloaded from the UCSC database in July 
2019 [16]. FM indexing of the reference genome was per-
formed prior to mapping using the Bowtie2 version 2.2.9 
[17]. Quantification of mapped reads was performed 
using the HTSEQ-count tool [18].

Differential expression analysis
Differential expression (DE) analysis was performed 
using the EdgeR package version 3.8 of R Bioconductor 
[19] for the identification of DEGs between patient and 
control samples. The gene counts were normalised for 
RNA composition between libraries using a trimmed 
mean of M-values (TMM) normalisation [20]. Genes 
with a minimum requirement of one count per mil-
lion (CPM) across two or more libraries for each group 
(patient and control) have been kept. The QL F-test [20] 
was used as a statistical method to calculate the DEGs 
provided by the EdgeR package. Comparisons were made 
between patient and control samples for each of the three 
tissues analysed. The DEGs were calculated and a fil-
ter requirement was used to keep only the genes with a 
minimum of one CPM in at least two samples. Due to the 
small sample size, filtering by False-Discovery Rate (FDR) 
value failed to give significant DEGs in iPSC-derived neu-
rons and FCLs. Therefore, a cut-off of p-value = 0.05 and 
absolute log2FC > 1 was used in order to extract signifi-
cant results. Volcano plots and heatmaps were generated 
to show the proportion of significant over- and under-
expressed genes and the pattern of expression of the top 
DEGs in SA patients and controls respectively. Hierarchi-
cal clustering was performed to group together: (a) simi-
lar samples and (b) similar genes based on the expression 
profiles.

Quantitative real time‑PCR
All RNA samples that were used for the RNA-seq anal-
ysis, as well as three additional LCL derived control 
samples have been used for RNA-seq results valida-
tion experiments, with qPCR. A range of 0.5–1  μg of 
total RNA were reverse transcribed to cDNA using the 
ProtoScript First Strand cDNA Synthesis Kit (New Eng-
land BioLabs, Ipswich, MA, USA) and then were loaded 
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on TaqMan Array Cards (which are ideal for achiev-
ing highly reproducible and sensitive results), (Ther-
moFisher) according to manufacturer’s instructions. Each 
card was comprised of eight channels of 48 individual 
reactions, in order to provide three technical replicates 
per sample for a total of eight samples and 16 tested 
genes per card. Predesigned and pre-validated TaqMan 
gene expression assays have been selected for the follow-
ing genes: MME, MTRNR2L1, HERC5, NTN1, PARP14, 
PLSCR1, SERINC5, PLD1, NR4A3, CYP7B1, ADAM23, 
STK17B, GLDC, SPG7, GAPDH and B2M. The two latter 
housekeeping genes were used as endogenous controls. 
Cards were run on the QuantStudio 7 Flex Instrument 
(Applied Biosystems, California, USA). Relative quan-
tification values were obtained using the QuantStudio 
software and the ΔΔCT method. Based on the number of 
available samples, statistical analysis was indicated only 
for the case of LCLs (3 patients and 6 controls) derived 
data. The parametric two-sample t-test or the non-para-
metric Mann–Whitney U test have been used in R based 
on whether the data followed a normal distribution or 
not.

Pathway enrichment analysis on the top 500 DEGs
Enrichment analyses were carried out using the DE anal-
ysis derived data. Filtering was performed in order to 
exclude any entries with no gene symbol, as well as any 
non-coding RNA with polyadenylation entries, from the 
DEGs lists. The top 500 DEGs of each tissue based on 
the highest absolute log2FC (p-value < 0.05) were used 
as input for the enrichment analysis, using the KEGG 
2019 and Reactome 2016 pathway databases through the 
EnrichR tool [21]. The minimum absolute log2FC of the 
DEGs included in this analysis had been 2.098 indicating 
a high level of differentiation. A p-value of < 0.05 has been 
also finally used in order to extract significant pathway 
findings.

Pathway enrichment analysis on the common DEGs 
between different tissues
A second round of pathway enrichment analysis was per-
formed on the lists of common DEGs with p-value < 0.05 
and an absolute log2FC > 1.2 (a criterion established after 
performing validation experiments as described below) 
between all tissues in pairs, using the KEGG 2019 and 
Reactome 2016 pathway databases through the EnrichR 
web-server. The derived pathways with p-value < 0.05 
were considered as significant and have been sorted by 
their combined score. At this point we note that, in our 
view, the analysis based on the common DEGs between 

all the three tissues was not meaningful since they 
included only five protein coding genes.

Pathway to pathway network construction
The results of pathway enrichment analysis of the top 
500 DEGs for each tissue were compared to the pathways 
identified through our previous work on gene expression 
data analysis derived from ataxia and spasticity pheno-
types-related microarray datasets [10]. We compared the 
pathways from the two studies based on the tissue simi-
larity (i.e. pathways of iPSC-derived neurons from the 
current RNA-Seq analysis with the neuronal tissue path-
ways of the previous work, FCL-pathways of the current 
RNA-Seq analysis with FCL-pathways of the previous 
work). The pathways resulting from the RNA-Seq analy-
sis of LCLs, were compared with the pathways resulting 
from peripheral blood datasets of our previous work, 
due to the limitation of finding enough LCL datasets to 
analyse. The intersection of pathways of the two studies 
was then used as seed pathways to construct pathway-
to-pathway networks for each tissue using the Pathway-
Connector tool [21]. Extra pathways were added, using 
the shortest-path algorithm, in order to fill any miss-
ing connections between the pathway nodes or even to 
enrich already connected networks, for the identification 
of interesting pathway associations. In case there were 
more than one shortest paths with the same length, then 
all possible shortest paths were included into the final 
network.

Results
RNA-seq transcriptome analysis was used to generate the 
molecular signature profile of samples from patients with 
SA and non-SA controls in an attempt to understand the 
mechanisms that are altered by the GBA2 c.1780G > C 
pathogenic variant. The lists of DEGs were examined 
through bioinformatics tools, in order to investigate rel-
evant pathways and biological processes that could be 
associated with the development of GBA2-related SA.

Comparative analysis of transcriptome profiles in patients 
and controls
A total number of 20–40 million reads was produced 
per sample with an average percentage mapping of 72% 
(Additional file 2). The raw count and normalized count 
per million (CPM) matrices are provided in Additional 
file  3. Differential expression analysis of the transcrip-
tome profiles based on a threshold value of abslog2FC > 1 
and p-value < 0.05 as significance criterion revealed: 
(a) 905 DEGs in iPSC-derived neurons of which 217 
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Fig. 2  A Volcano plots of the calculated DEGs for each of the three tissues: iPSC-derived neurons, FCLs and LCLs. The number of over-expressed 
and under-expressed genes (absolute log2FC > 1) are indicated for p-value < 0.05. B Heatmaps of the top 20 DEGs based on absolute log2FC were 
generated for each tissue. Under-expressed genes are shown in blue and over-expressed genes in red. Hierarchical clustering was performed 
on samples and genes and a clear separation between patient and control is observed. C Validation of selected genes was performed using 
quantitative real-time PCR in patient and control samples of the three tissues. Statistical analysis was performed in LCL data, as it was the only 
tissue with 3 available biological replicates for each of the patient and control group, using Two sample t-test where data were normally distributed 
(GLDC, STK17B) and the Mann–Whitney U test, where data were non-normally distributed (ADAM23), as described in the methodology section. For 
iPSC-derived neurons and FCLs, statistical analysis was not performed due to the limited available sample size. The difference in the expression of 
genes between patients and controls in the two tissues is designated as non-statistically tested (nst). nst  non-statistically tested, ns non-significant, 
*p < 0.05, **p < 0.01, The DEGs with p-value < 0.05 are designated with *
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(24.0%) were over-expressed and 688 (76.0%) under-
expressed, (b) 2280 DEGs in FCLs of which 664 (29.1%) 
were over-expressed and 1616 (70.9%) under-expressed 
and (c) 2033 DEGs in LCLs of which 1587 (78.1%) were 
over-expressed and 446 (21.9%) under-expressed. The 
top 20 DEGs (p-value < 0.05 and abslog2FC > 1) per tissue 
are presented in Fig. 2 and the full lists are presented in 
Additional file 4.

Validation of selected genes
Fourteen DEGs (MME, HERC5, NTN1, PARP14, 
PLSCR1, SERINC5, PLD1, NR3A3, CYP7B1, ADAM23, 
STK17B, GLDC, SPG7 and MTRNR2L1) and two 
housekeeping genes (GAPDH and B2M), were selected 
for RNA-Seq results validation using quantitative Real 
time PCR assays (Fig.  2C). The majority of selected 
genes included iPSC-derived neurons extracted DEGs 
(10/14), as this tissue has been considered to be the 
closest to the primarily affected tissues in SA. Few of 
these genes were also identified as DEGs in one (MME, 
MTRNR2L1) or both (GLDC, STK17B) of the other two 
tested tissues, as shown in Fig.  2C. Additional FCLs 
(CYP7B1, NR4A3, SPG7) or LCLs (ADAM23) specifi-
cally extracted DEGs had been also selected. Moreo-
ver, the selection covered a wide range (1.08–9.32) of 
absolute log2FC values all with p-value < 0.05 in all 
tissues, except for STK17B (only in FCLs and LCLs 
p-value < 0.05, Additional file  5) in order to establish 
a minimum threshold of absolute log2FC value to be 
used for the inclusion of DEGs in subsequent analy-
ses. The reported biological role of the DEGs, had 
also been considered through this selection and those 
with any possible association to neurodegeneration or 
with known variants causing SA had been prioritized 
(Table 1).

All of the tested genes showed analogous expression 
change in our qPCR quantitation assays to that observed 
in the RNA-Seq experiments (Additional file  5), except 
for the MTRNR2L1, which failed to produce consistent 
results due to its minimal expression in all but one LCL 
control sample. Therefore, MTRNR2L1 was excluded 
from further analysis. Statistical analysis was performed 
for ADAM23, GLDC and STK17B data derived from 
LCLs only, and confirmed the change in expression as sig-
nificant for the first two but not for the STK17B (Fig. 2C). 
Through the RNA-Seq analysis, the STK17B gene had 
been found under-expressed but not significant in iPSC-
derived neurons (log2FC = −  1.83, p-value = 0.076), 
significantly over-expressed in FCLs (log2FC = 1.03, 
p-value = 0.04) and significantly under-expressed in 
LCL patient cells (log2FC = −  1.17, p-value = 0.0013). 
A similar expression trend was observed through qPCR 
for each tissue but statistical analysis in LCLs did not 

confirm its significance. Our results suggest that the 
RNA-Seq derived DEGs with absolute log2FC >  ~ 1 and 
p-value < 0.05 show comparable expression changes in 
both RNA-Seq and qPCR. Thus, the statistical signifi-
cance for all the tested genes with absolute log2FC > 1.2 
was confirmed except for the STK17B gene. Even though 
such differences might be attributed to the small sample 
size and the different statistical methods used in the two 
approaches, in order to avoid the possibility of extract-
ing any false findings, the absolute log2FC > 1.2 threshold 
value was set as a selection criterion for the subsequent 
pathway analyses performed.

Hereditary cerebellar ataxia and hereditary spastic 
paraplegia associated genes showing differential 
expression in patients
SA is characterised by an overlap in clinical features 
of ataxia and spastic paraplegia. For this reason, we 
searched specifically for the presence of HCA and HSP 
known genes in the lists of the identified DEGs in the 
current study in order to indicate their possible involve-
ment in GBA2-associated SA and therefore the exist-
ence of common pathway(s) with other SA, HCA or HSP 
type(s). Eight known genes were found to be differentially 
expressed in iPSC-derived neurons of SA patients, 27 in 
FCLs and 22 in LCLs (Additional file 6). MARS, CAPN1, 
STUB1 and CSTB genes were common between FCLs 
and LCLs and the SLC1A3 gene was common between 
FCLs and iPSC-derived neurons (Additional file  6). 
Although these have been considered as interesting find-
ings, only SLC1A3 showed an expression change in the 
same direction in both iPSC-derived neurons and FCLs, 
with log2FC values of 1.76 and 2.37 respectively.

MARS codes for the aminoacyl-tRNA synthetase cata-
lysing the aminoacylation of tRNAs. It participates in the 
selenocompound metabolism and gene expression path-
way. CAPN1 codes for calpain 1, a calcium-activated neu-
tral protease that catalyses the degradation of substrates 
involved in cytoskeletal remodelling. STUB1 codes for 
E3 ubiquitin-protein ligase that participates in the TGF-β 
receptor signaling. CSTB codes for stefin, a member of 
the cystatin protein family, that acts as an intracellular 
thiol protease inhibitor and is associated to the innate 
immune system. SLC1A3 codes for a member of the high 
affinity glutamate transporter family, which are proteins 
involved in the neurotransmission in the CNS. Among 
its associated pathways are the neurotransmitter release 
cycle, synaptic vesicle cycle, transport of glucose and 
other sugars, bile salts and organic acids, metal ions and 
amine compounds.
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Table 1  List of the genes that were selected for qRT-PCR validation

Gene symbol Encoded protein Protein description

MME Neprilysin A zinc-dependent metalloprotease/one of the most prominent beta amyloid (Aβ) 
degrading enzymes [22, 23]. Previous association with a number of neurologi‑
cal disorders, including Friedreich’s ataxia (FRDA), Charcot-Marie Tooth (CMT), 
autosomal recessive distal hereditary motor neuropathy and autosomal dominant 
spinocerebellar ataxia with neuropathy [22–24]

HERC5 E3 ISG15–protein ligase Participates in mitophagy and autophagy regulation through its association with 
ISG15. Deregulation of these processes by ISG15 was described in ataxia telangiec‑
tasia and other neurodegenerative diseases [25, 26]. Altered mRNA expression of 
HERC5 identified in iPSCs and neurons of a patient with Parkinson disease (PD) [27], 
as well as in skeletal muscle of Duchenne muscular dystrophy (DMD) patients [28]

NTN1 Netrin-1 Belongs to the family of laminin-related secreted proteins. Under-expressed mRNA 
in the brain of mucopolysaccharidosis type II mouse models [29] and up-regulated 
protein in brain tissue and cerebrospinal fluid of Alzheimer disease (AD) patients 
and mouse models [30] previously identified

PARP14 poly (ADP-ribose) polymerase family member 14 A known anti-apoptotic protein with possible role in the monitoring of aerobic 
respiration [31]

PLSCR1 Phospholipid scramblase 1 Involved in the reorganization of the phospholipid bilayer of the plasma mem‑
brane. Its activation might result to increased phosphatidylserine levels at the 
plasma membrane, which is indicative of apoptotic or energy-deprived cells and 
αβ toxicity. Also implicated in calcium homeostasis in neuronal cells, as well as 
autophagy, and associated with AD and cancer [32, 33]

SERINC5 Serine incorporator 5 Involved in myelination. It adds serine into newly forming membrane lipids and is 
enriched in myelin in the brain [34]

PLD1 Phospholipase D1 Involved in the regulation of cytoskeleton organization in neurons, in dendritic 
branching and spine regulation. Downregulation of PLD1 has been described to 
affect α-synuclein-triggered neurodegeneration in PD [35]

NR4A3 Nuclear receptor subfamily 4, group A, member 3 Also known as neuron-derived orphan receptor-1. It is involved in various biological 
processes like the cell cycle, neuronal differentiation, apoptosis and metabolism. It 
can also act as a transcription factor. Its homolog NR4A2 has been previously linked 
to the pathogenesis of PD [36]

CYP7B1 Cytochrome P450 Family 7 Subfamily B Member 1 A protein of the cytochrome P450 superfamily of enzymes. CYP7B1 variants have 
been reported in pure and complex forms of hereditary spastic paraplegia 5, as 
well as bile acid metabolism disorder [37, 38]. The enzyme has a role in cholesterol 
metabolism and primary bile acid production and it is widely expressed in the liver 
and brain [37]

ADAM23 ADAM Metallopeptidase 23 A cell-surface glycoprotein expressed in CNS neurons [39]. It participates in several 
biological processes, such as myoblast differentiation, growth factor secretion 
and others, and has been shown to be dysregulated in PBMCs from classic ataxia 
telangiectasia patients [39, 40]. Also shown to have altered expression in blood and 
brain of PD patients [41]

STK17B Serine/Threonine Kinase 17b Acts as a positive regulator of apoptosis [42]. It has been suggested to promote 
carcinogenesis and metastasis through its involvement in the AKT/GSK-3β/Snail 
signaling pathway [43]

GLDC Glycine dehydrogenase Catalyses the breakdown of glycine, that is involved in fatty acid response, and 
has a protein homodimerization activity. It has been shown to undergo methyla‑
tion alterations in aging [44], while variants of the gene were reported in cases of 
corticobasal degeneration, progressive supranuclear palsy and frontotemporal 
dementia [45]

SPG7 Paraplegin A mitochondrial metalloprotease with many reported variants causing SA, HSP or 
HCA. It disrupts mitochondrial dynamics and calcium homeostasis [46]. It is highly 
expressed in large neurons, such as cortical pyramidal neurons and Purkinje cells 
and associates with AFG3L2 to form a hetero-oligomeric complex. Variants of the 
AFG3L2 gene have been previously reported to cause spinocerebellar ataxia type 28 
and autosomal recessive SA type 5 [47]

MTRNR2L1 Humanin-like protein 1 Neuroprotective and anti-apoptotic role in cortical neurons [48]
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Altered expression in more than one tissue of patients
A comparison of all the DEGs (p-value < 0.05, absolute 
log2FC > 1.2) between the three tissues, aiming at the 
discovery of genes with altered expression in more than 
one tissue of SA affected individuals, generated a list of 
common DEGs presented in Additional file 7. Six genes 
were found differentially expressed in all three tissues: 
C1orf115, DOCK9, TMEM132B, CYB5R2, USP32P1 and 
GLDC (Table  2). USP32P1, being a pseudogene, was 
excluded from further downstream consideration.

In addition to the above comparison including all 
the three tissues, tissue pairwise comparisons (using a 
p-value < 0.05 and an absolute log2FC > 1.2 as DEGs selec-
tion criteria) were performed towards the possible iden-
tification of interesting genes that had not been extracted 
through the first comparison: either due to the possible 
existence of tissue specific differential gene expression 
profile (including a limited or absent expression of some 
genes in one of the tissues), or the possible existence of 
tissue specific pathological mechanisms, or the limited 
number of available biological replicates. Pairwise com-
parison of iPSC-derived neurons and FCLs DEGs showed 
84 common genes, including SPON1, which was over-
expressed in patient cells of both tissues (log2FC = 2.89 and 
log2FC = 7.61 respectively—Additional file 7). However, no 
counts had been obtained in LCLs samples, indicating no 
expression in this tissue and justifying for its absence in the 
first comparison. SPON1 encodes for the spondin 1 protein 
that has been previously associated with Alzheimer’s dis-
ease (AD) and dementia [61]. Comparison of iPSC-derived 
neurons and LCLs revealed 43 common DEGs, whereas 
comparison of FCLs and LCLs revealed a total of 255 

common DEGs. The lists of the common DEGs resulting 
from all the above comparisons are provided in Additional 
file 7.

Pathway analysis of the top‑scored DEGs
In order to highlight the most enriched pathways for the 
disease under study, enrichment analysis was performed 
using the top 500 DEGs of each of the three tissues as 
described in the methodology section. The full lists of the 
identified pathways are presented in Additional file 8. Com-
parison of the KEGG 2019 and Reactome 2016 pathways 
across the different tissues (Table 3) has shown KEGG 2019 
“Proteoglycans in cancer” and Reactome 2016 “Cytokine 
Signaling in Immune System” as the only common path-
ways between all three tissues. Venn diagrams summariz-
ing the number of common pathways between the pairs of 
tissues are also presented in Fig. 3.

Pathway analysis of the intersection of DEGs across tissues 
supports that the GBA2 c.1780G > C pathogenic variant 
affects important biological pathways
As the above pathway analysis revealed a limited number 
of common pathways between the tested tissues, another 
approach was employed aiming at the possible extraction 
of more common findings between the three or at least 
two of the tested tissues, as such type of data (confirmed 
by more samples) could be considered as more signifi-
cant. In this analysis, only the common genes resulting 
from the DE analysis between the tissues in pairs were 
used, because the number of common genes between the 
three tissues was too small. Initially, we chose to focus on 

Table 2  The five protein-coding genes that were found to be differentially-expressed in all three tissues of patients with SA (iPSC-
derived neurons, FCLs and LCLs)

Gene name Encoded protein Description

C1orf115 Chromosome 1 open reading frame 115 Previously characterised to be down regulated in severe AD [49]. Also found under-expressed 
in Ataxia-telangiectasia cerebellar cortex [50]

DOCK9 Dedicator of cytokinesis protein 9 Member of DOCK proteins (atypical guanine nucleotide exchange factors-GEFs) associated 
with a broad range of neurodevelopmental, neuropsychiatric and neurodegenerative diseases, 
such as AD, PD, HD and ALS [51]). Involved in dendrite development and associated with 
bipolar disorder [52, 53]

TMEM132B Transmembrane protein 132B Variants in the genes of the TMEM132 family are associated with hearing loss, panic disorder or 
cancer [54]

CYB5R2 Cytochrome B5 Reductase 2 Participates in cholesterol biosynthesis and fatty acid desaturation and elongation [55, 56]. 
It is a plasma membrane redox enzyme, found in neuronal synaptic vesicles and its role is to 
control the redox state and bioenergetics for the protection of neuronal cells against metabolic 
and oxidative stress [57]. Reported to generate superoxide anion [58], which can in turn affect 
the onset of apoptosis of cultured cerebellar granule neurons (CGN) [59]

GLDC Glycine dehydrogenase Critical enzyme in glycine degradation. Variants of the GLDC gene cause glycine encephalopa‑
thy due to increased levels of glycine in the brain. GLDC can also affect the pattern of brain 
atrophy and the clinical features in tauopathies [60]
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the common genes between the iPSC-derived neurons 
and FCLs or LCLs, as the first is the closest to the affected 
tissue in the studied disease. As mentioned above, due to 
the possible existence of tissue specific gene expression 
profile or pathological mechanisms, as well as due to the 
limited number of iPSC-derived neuron samples, we also 
evaluated the list of common DEGs between FCLs and 
LCLs, in order to discover pathways that would be oth-
erwise missed.

The “Proteoglycans in cancer”, “Pathways in cancer” 
and “PI3K-Akt signaling pathway” were found in the list 
of the top eight most enriched KEGG pathways result-
ing from the common DEGs (p-value < 0.05 and absolute 

log2FC > 1.2) of iPSC-derived neurons and LCLs. In addi-
tion, “Interleukin-7 signaling” was found as the most 
enriched Reactome 2016 pathway. For the iPSC-derived 
neurons and FCLs pair, the most enriched pathway based 
on KEGG 2019, was the “TGF-beta signaling pathway” 
(Fig.  4), while for Reactome 2016, it was the “Scaveng-
ing by class B receptors”. Analysis using the common 
DEGs of the pair FCLs and LCLs, for which there was a 
larger sample size (two patients vs two controls and three 
patients vs three controls, respectively) resulted in more 
pathways (Additional file 9). The top scored KEGG 2019 
pathway was “Proteasome” while for Reactome 2016 was 
“Synthesis of 15-eicosatetraenoic acid derivatives”. Addi-
tional interesting pathways possibly relevant with the 

Table 3  KEGG 2019 and Reactome 2016 resulting pathways that were common between the three tissues

Database iPSC-derived neurons and 
FCLs and LCLs

iPSC-derived neurons and 
FCLs

iPSC-derived neurons and 
LCLs

FCLs and LCLs

KEGG 2019 Proteoglycans in cancer Melanoma Salmonella infection

Malaria

C-type lectin receptor signaling 
pathway

Chagas disease (American 
trypanosomiasis)

Legionellosis

Amoebiasis

Hematopoietic cell lineage

Cytokine-cytokine receptor 
interaction

Axon guidance

Reactome 2016 Cytokine signaling in immune 
system

Defective CHST6 causes 
MCDC1

Interferon alpha/beta signaling Termination of translesion DNA 
synthesis

Defective ST3GAL3 causes 
MCT12 and EIEE15

DNA Damage Bypass

Defective B4GALT1 causes 
B4GALT1-CDG (CDG-2d)

Gap-filling DNA repair synthesis 
and ligation in GG-NER

Synthesis of Prostaglandins (PG) 
and Thromboxanes (TX)

Growth hormone receptor 
signaling

Non-integrin membrane-ECM 
interactions

Nicotinate metabolism

Keratan sulfate degradation Signaling by Interleukins

Extracellular matrix organiza‑
tion

Recognition of DNA damage 
by PCNA-containing replication 
complex

Diseases associated with gly‑
cosaminoglycan metabolism

Immune system Rho GTPase cycle

HS-GAG biosynthesis

Glycosaminoglycan metabo‑
lism

Senescence-Associated Secre‑
tory Phenotype (SASP)

Heparan sulfate/heparin (HS-
GAG) metabolism

ECM proteoglycans Axon guidance

Cell surface interactions at the 
vascular wall
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disease are indicated in Fig. 5 which summarizes all iden-
tified pathways. The full lists of the identified pathways 
are presented in Additional file 9.

Discovery of common pathways between GBA2‑associated 
SA and other ataxia/ spasticity phenotypes
As the name of the disease denotes, SA is mainly char-
acterised by ataxia and spasticity features. Therefore, our 
current data could be compared with data resulting from 
other ataxia and/or spasticity phenotypes studies, in 
order to investigate whether there are shared pathways. 
For this reason, the current study KEGG 2019 resulting 
pathways of each tissue were compared to the identified 
pathways from our previous work [10], which was based 
on the analysis of multiple gene expression microarray 
datasets from ataxia and spasticity phenotypes. More 
specifically, gene expression microarray datasets from 
neuronal, peripheral blood and FCLs of patients with 
ataxia or spasticity phenotypes and control individuals 
were analysed and used to identify SA-associated path-
ways through our previous work [10]. Pathway compari-
son between the two studies revealed: (a) Four common 
pathways between the current iPSC-derived neurons 
and the previous neuronal tissue datasets analyses (the 
“MAPK signaling pathway”, “Melanoma”, “Measles” and 
“Proteoglycans in cancer”), (b) Twelve common pathways 
between the current and previous FCLs dataset analyses, 
(including the “TGF-beta”, “MAPK”, “Rap1” and “PI3K-
Akt signaling” pathways, which are all connected to each 
other and to Sphingolipid pathways according to KEGG, 

Fig. 5), and (c) A total of 22 common pathways between 
the current LCLs and the previous peripheral blood data-
sets analyses. These include the “Sphingolipid signaling 
pathway”, in which GBA2 participates, “Axon guidance” 
that is associated with neuronal function, as well as the 
“Insulin resistance” and “Proteoglycans in cancer”. The 
“Insulin resistance” pathway could be of interest, since 
it was previously described that a cross-talk between 
sphingolipids and the insulin-like growth factor (IGF-I) 
might play a role in the control of cell survival, response 
to stress and aging, all of which are implicated in neuro-
degeneration [62].

Pathway connector was then used to generate path-
way-to-pathway networks using the common KEGG 
2019 pathways as input. Complementary pathways were 
obtained using a shortest path algorithm in order to fill 
any missing connection between our pathway nodes 
or even to enrich the already connected networks. The 
complementary pathways are shown in Fig. 5 as nodes in 
green colour. The size of the node represents the num-
ber of genes participating in the pathway, while the thick-
ness of connections (edges) is directly proportional to 
the number of shared genes between the pathway pairs. 
The four initial pathways resulting from the comparison 
of the current iPSC-derived neurons with previous work 
corresponding tissue are shown in blue colour nodes 
(Fig.  5). The missing connections between these path-
ways have been filled with the addition of “MAPK sign-
aling pathway”, “PI3K-Akt signaling pathway”, “Adherens 
junction”, “Cell cycle” and “p53 signaling pathway” (green 

Fig. 3  Venn diagrams presenting the number of common KEGG 2019 and Reactome 2016 pathways for each tissue analysed
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Fig. 4  The top KEGG 2019 and Reactome 2016 pathways based on the combined score of EnrichR for the common DEGs (p-value < 0.05 and 
absolute log2FC > 1.2) of iPSC-derived neurons/LCLs, iPSC-derived neurons/FCLs and FCLs/LCLs respectively
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colour nodes), as the pathways with the closest associa-
tion based on a shortest-path algorithm. Regarding FCLs, 
among the supplementary pathways added in order to 
discover more associations that could be interesting in 
relation to SA have been the “Sphingolipid signaling” and 
“Sphingolipid metabolism” as well as the “Apoptosis” and 
the “Calcium signaling” pathways. Sphingolipid relevant 
pathways are directly correlated with GBA2-associated 
SA, due to the catalytic role of GBA2 in the sphingolipid 
metabolism, while apoptosis and calcium signaling have 
been associated with several neurodegenerative diseases 
based on bibliography [63–66]. Finally, in the LCLs net-
work, among the additional pathways the “PI3K-Akt 
signaling pathway” (that is connected to several other 

neighbouring pathways, including the “Sphingolipid 
signaling pathway”), the “Autophagy”, the “MAPK sign-
aling pathway” the “Proteoglycans in cancer” have been 
revealed.

Discussion
Spastic ataxias (SAs) encompass a group of rare and 
severe neurodegenerative diseases, mainly character-
ized by limbs spasticity, imbalance and incoordination 
in gait and speech. Variants in the GBA2 gene have been 
associated with SA, autosomal recessive spastic paraple-
gia type 46 (SPG46) and Marinesco-Sjögren  syndrome 
(MSS). However, the pathogenetic mechanisms by which 
the specific GBA2 variants lead to the development of the 

Fig. 5  Pathway-to-pathway construction using the common pathways between the enrichment analysis of the top 500 DEGs of each tissue and 
the results of our previous study on gene expression datasets from ataxia and spasticity phenotypes. The common pathways between the two 
studies are presented in blue nodes. Additional pathways were included using a shortest path algorithm to either fill missing connections between 
pathway nodes or to enrich the pathway network. The most important pathways that could be associated with SA based on previous bibliography 
are designated in red
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disease remain unclear. A few studies have examined the 
functional role of GBA2 and reported its involvement in 
the sphingolipid metabolism and the hydrolysis of bile 
acid–3-O-β-glucosides (BG) [67]. In addition, it was 
shown through in-vitro studies that several GBA2 vari-
ants, including the c.1780G > C missense variant, caused 
reduction of enzymatic activity in COS7 and HeLa cells 
[8]. Reduced activity of GBA2 was further confirmed 
in LCLs of SA patients, homozygous for the GBA2 
c.1780G > C missense variant [7]. Furthermore, it has 
been shown that C-terminally truncated variants move 
to mitochondria and cause mitochondrial fragmentation 
and loss of transmembrane potential [9]. The association 
of glucosylceramidases with neurodegeneration has also 
been recently described in relation to PD. Specifically, it 
has been shown that the activity of GBA and GBA2 pro-
gressively decrease in the substantia nigra with normal 
ageing and are further decreased in Parkinson’s disease 
(PD), followed by accumulation of glucosylceramide, 
which is the natural substrate of glucosylceramidases 
[68]. Another study has demonstrated that inhibition of 
GBA2 function in isolated cerebellar neurons dramati-
cally affected F-actin dynamics and reduced neurite out-
growth [69].

Less information exists in relation to the overall SA 
pathogenetic mechanisms. Previous studies examined 
the gene expression at the RNA level in human tissues 
of ataxia patients and different ataxia mouse models, 
concluding to several candidate pathways, such as the 
glutamate signaling, the calcium signaling, the DNA 
repair, the cell cycle and various metabolic processes 
[70–76]. Moreover, transcriptome analysis on sacsin 
knockout mice showed disrupted expression of genes 
that participate in the processes of RNA processing, cell 
cycle, oxidative phosphorylation, autophagy and other 
[77]. However, to our knowledge, none of these studies 
aimed to identify implicated pathways specifically for 
SA in human, nor has been focused on GBA2-associated 
SA. Due to the sparse availability of information on the 
mechanisms by which variant GBA2 leads to the devel-
opment of the disease, more studies are needed to under-
stand the functional role of GBA2. For this reason, we 
have performed the first whole coding genome transcrip-
tomics analysis on iPSC-derived neurons, FCLs and LCLs 
from SA patients homozygous for the GBA2 c.1780G > C 
missense variant and control individuals, and we have 
recorded the most significant pathways resulting from 
enrichment analysis of the identified DEGs.

Differential expression analysis revealed a total of 5217 
genes with significantly altered expression in SA patient 
cells (iPSC-derived neurons, FCLs and LCLs) compared 
to controls. Among the DEGs there are known HCA and 
HSP genes, including the SLC1A3 and STUB1 which are 

more likely to be involved in common pathway(s) with 
GBA2 according to their reported function. SLC1A3 that 
was found over-expressed in both iPSC-derived neurons 
and FCLs, codes for a member of the high affinity glu-
tamate transporter family, which are proteins involved 
in the neurotransmission in the CNS. Among its asso-
ciated pathways are the neurotransmitter release cycle, 
synaptic vesicle cycle, transport of glucose and other 
sugars, bile salts and organic acids, metal ions and amine 
compounds, which are associated with neuronal func-
tion as well as glucose and lipid metabolism. The STUB1 
gene was found deregulated in FCLs and LCLs. STUB1 
codes for an E3 ubiquitin-protein ligase that partici-
pates in the TGF-β receptor signaling, which was found 
enriched through the current pathway analysis. Further-
more, comparison of the DEGs across the three differ-
ent tissues revealed five common protein coding genes 
which in their majority are reported to be associated with 
nervous system diseases or pathways possibly involved 
in neuronal function. Among these genes the CYB5R2 
and GLDC are more likely to be involved in common 
pathway(s) with GBA2. Interestingly, CYB5R2 is a key 
player in lipid metabolism, catalysing the desaturation 
and elongation of fatty acids and cholesterol biosynthe-
sis. The sphingolipid metabolism, in which GBA2 par-
ticipates, is part of the lipid metabolism. Furthermore, 
GLDC participates in the metabolism of glycine, serine 
and threonine, which belong in the generic pathway of 
“Metabolism of amino acids and derivatives” according 
to Reactome. Its role to catalyse the degradation of gly-
cine can affect the fatty acid response and therefore it is 
also associated with the metabolism of lipids.

Two pathway analysis approaches were performed for 
the discovery of SA pathways using the lists of identi-
fied DEGs in patient samples compared to controls. The 
first approach was focused on the analysis of the top 
500 DEGs (over- and under-expressed) per tissue (iPSC-
derived neurons, FCLs, LCLs), followed by compari-
sons of the identified pathways. These results indicated 
a minimal number of common pathways between the 
three tissues, suggesting the possibility that tissue spe-
cific pathological mechanisms might exist or some genes 
have tissue specific expression. Nevertheless, these could 
be indeed the most significant pathways, or limitations of 
the current study concerning the sample size could have 
an effect on the results. Interestingly, differential pathway 
identification not only between tissues but also between 
different brain regions, has been reported through other 
neurodegenerative disease expression studies [78, 79], 
thus partly supporting our suggestion.

The currently identified pathways that are common 
between the three studied tissues are the “Proteogly-
cans in cancer” (KEGG 2019) and “Cytokine Signaling 
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in Immune system” (Reactome 2016). Cancer and neu-
rodegenerative diseases share several common biologi-
cal mechanisms and pathways, such as dysregulation 
in metabolism, oxidative stress and mitochondrial dys-
function, as well as inflammation, leading to an apop-
totic effect in neurodegeneration and an anti-apoptotic 
effect in cancer [80]. The KEGG pathway “Proteoglycans 
in cancer” consists a sum of several pathways including 
the “MAPK signaling pathway”, the “TGF-β signaling 
pathway”, the “PI3K-Akt signaling pathway”, the “Cal-
cium signaling pathway”, the “Wnt signaling pathway” 
and “Apoptosis” [81]. All of these pathways share com-
mon players, which were found differentially expressed in 
our transcriptomic analysis, such as the NGFR, CCND2, 
FGF2 and MAPKAPK3 genes (Additional file 8). On the 
other hand, changes in cytokine signaling have been sug-
gested as a common mechanism in the development and 
pathogenesis of several neurodegenerative diseases. The 
TGF-β is an example of a cytokine that is known to be 
associated with neurodegeneration in AD [82]. Moreo-
ver, the “TGF-β signaling pathway” has been found as 
one of the most enriched pathways through some of the 
approaches performed.

In addition to the above, under the hypothesis that 
the iPSC-derived neurons are the closest to the disease 
primarily affected tissues, emphasis on this tissue find-
ings and the relevant first approach pairwise compari-
sons derived pathways, was given. Moreover, our second 
approach, aiming towards the identification of more pos-
sible interesting pathways, was based on the use of the 
common DEGs between the tissues in pairs as inputs. 
Several candidate pathways resulted from the pairwise 
comparisons of both approaches, especially from the 
second, relevant with inflammation, sialylation, gluco-
sylation, glycosaminoglycan metabolism, lipid metabo-
lism and signal transduction. We hereby discuss the top 
scored pathways identified through the neurons analysis 
and some of the most significant, selected through the 
other comparison findings. Our selection is based on a 
combination of the resulting enrichment score and the 
existing knowledge supporting a possible relation with 
the nervous system function. Therefore, through the neu-
rons analysis (Additional file  8), “interferon signaling” 
and “RIG-I-like receptor signaling” have been the top-
scored Reactome 2016 and KEGG 2019 pathways respec-
tively, suggesting that neuroinflammation might play 
an important role in the pathogenesis of SA similarly to 
other neurodegenerative diseases, such as AD [83], FRDA 
[84, 85] and ALS [86, 87] or it may even be the reaction 
of the cells to the altered function of GBA2. In addition, 
RIG-I signaling has been found significantly increased in 
the plasma and temporal cortex of mild cognitive impair-
ment patients with AD, as well as in the occipital cortex 

of AD patients. Elevation of RIG-I can be caused by small 
self-RNA cleavage products or by ROS, which are in turn 
associated with oxidative stress [83].

Comparison of the iPSC-derived neurons and LCLs 
resulting pathways through the first approach, also pro-
vided immune system and interferon alpha/beta sign-
aling (Table  3) as their only common pathways, thus 
further supporting the involvement of inflammation in 
GBA2-related neurodegeneration. On the other hand, 
one of the most interesting common pathways identified 
through the pathway comparison of iPSC-derived neu-
rons and FCLs has been the “glycosaminoglycan (GAG) 
metabolism” thus supporting a possible involvement of 
the GAGs in the disease. Disturbances in the metabolism 
of GAGs have been previously characterised in lysosomal 
storage disorders [88]. GAGs can lead to the generation 
of protein aggregates and in turn accumulation in several 
tissues including the brain. Furthermore, they have a role 
in inflammation and have been reported in a number of 
neurodegenerative disorders, such as PD and AD [89].

Enrichment analysis of the iPSC-derived neurons and 
FCLs common DEGs, identified the “Scavenging by 
class B receptors”, as the most enriched Reactome 2016 
pathway and the “TGF-β signaling pathway” as the most 
enriched according to KEGG 2019. Scavenger recep-
tors describe a type of pattern recognition receptors 
found on macrophage surface that mediate endocyto-
sis of acetylated low-density lipoproteins (LDL). Class B 
scavenger receptors have been previously described to 
play a role in AD. Specifically, the CD36 class B scaven-
ger receptor binds to Αβ and stimulates the production 
of cytokines and chemokines from microglia, as well as 
ROS through Src signaling and MAPK activation [90]. In 
addition, the scavenger receptor class B type I (SR-BI), 
that is expressed in astrocytes and smooth muscle cells 
of human adult brain, is known for its role in cholesterol 
turnover and is also suggested to participate in the patho-
genesis of AD [91]. Disturbances in TGF-β signaling have 
been previously shown to promote neurodegeneration 
and AD pathology [92]. Specifically, decreased levels 
of neuronal TGF-β signaling was shown to increase Ab 
levels, amyloid deposition and dendritic degeneration in 
mice expressing the human APP protein [92]. In addition, 
aging and chronic inflammation were shown to reduce 
the canonical TGF-β1/SMAD signaling, facilitating cyto-
toxic activation of microglia and microglia-mediated 
neurodegeneration [93].

Analysis of the iPSC-derived neurons and LCLs com-
mon DEGs revealed the “PI3K-Akt signaling pathway” 
(KEGG 2019) among others (including “Proteoglycans 
in cancer”), which could possibly be the most relevant 
to the nervous system function even though not being 
the top scored. The “PI3K-Akt signaling pathway” plays 
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a role in various biological processes, such as metabo-
lism, proliferation, cell survival, growth and angiogenesis 
[94]. Disturbances in PI3K-Akt/mTOR signaling in neu-
rons lead to increased ROS levels, membrane depolariza-
tion, mitochondrial fragmentation, decreased oxidative 
phosphorylation, and lower ATP production [95–97]. 
Furthermore, gene expression studies in spinocerebellar 
ataxia 3 (SCA3) mouse models revealed that the PI3K-
Akt signaling pathway was enriched based on genes 
with altered expression in SCA3 mice brainstem [98]. 
According to Reactome results, “Interleukin-7 signaling” 
has been identified as the most enriched pathway. Inter-
leukin-7 (IL-7) is a cytokine that regulates the survival, 
proliferation and differentiation of lymphocytes [99]. Its 
role is essential for the development of both adaptive 
and innate immunity lymphocytes [100], while previous 
reports have associated IL-7 signaling with multiple scle-
rosis through its effect in the dysregulation of N-glyco-
sylation [101, 102]. Moreover, transcriptional analysis of 
FRDA patient peripheral blood samples showed deregu-
lation of inflammatory genes linked to innate immu-
nity [84]. It has been also reported that IL-7 stimulates 
PI3K-Akt signaling to phosphorylate and inactivate the 
pro-apoptotic protein Bad, thus promoting cell survival 
[103]. Moreover, as already discussed above, apart from 
the immune response, neuroinflammation has been asso-
ciated with neurodegeneration. Therefore, based on our 
findings we can suggest their possible involvement in the 
GBA2-associated SA pathogenesis. However, it remains 
to be determined whether they contribute to the disease 
pathology, or whether they are just subsequent responses 
to stresses induced by other dysregulating mechanisms.

Our initial focus was on the results that involved the 
iPSC-derived neurons derived data, as they are the clos-
est to the primarily affected tissues in the studied disease. 
However, since the limited number of samples [1 patient 
vs 1 control] could possibly affect the identification of 
significant findings and under the hypothesis that tissue 
specific pathological mechanisms might exist, a pairwise 
analysis of the FCLs and LCLs was also considered as sig-
nificant. Indeed, this analysis enabled the identification 
of additional interesting findings that could be associated 
with neurodegeneration, based on the existing knowl-
edge. These include the top scored KEGG 2019 pathway 
“Proteasome”, the top scored Reactome 2016 pathway 
“Synthesis of 15-eicosatetraenoic acid derivatives”, as 
well as the “Nicotinate metabolism”, “Cholesterol biosyn-
thesis”, “Nicotinamide salvaging”, “MAPK1/3 (ERK2/1) 
activation”, “Ubiquitin-dependent degradation of Cyclin 
D/D1” and “Regulation of cholesterol biosynthesis by 
SREBP”, which interestingly have been among the top ten 
enriched Reactome 2016 pathways, and some of them 

can be grouped under more common general pathways 
as discussed below.

The ubiquitin–proteasome system (UPS), supported by 
both databases findings, is responsible for protein degra-
dation. Its dysregulation can result to neurotoxic protein 
accumulation and aggregation, a major characteristic 
of several neurodegenerative diseases, such as AD, PD, 
and Huntington’s disease (HD) [104]. The “Synthesis of 
15-eicosatetraenoic acid derivatives” consists part of the 
“arachidonic acid metabolism”. The 15-eicosatetraenoic 
acids are formed after oxidation of arachidonic acid, a 
polyunsaturated fatty acid (PUFA) that is abundant in the 
brain. Arachidonic acid has been previously reported to 
be involved through several mechanisms (including ini-
tiation and progression of neuroinflammation) in AD 
[105], and to have a protective role in PD in vitro models 
[106]. Decreased levels of this and other PUFAs have also 
been associated with spinocerebellar ataxia 38 pathogen-
esis [107, 108]. Furthermore, it has been associated with 
oxidative stress and lipid peroxidation [109, 110]. There-
fore, the current “arachidonic acid metabolism” indirect 
identification, further supports that lipid metabolism 
might play a role in SA pathogenesis and that previously 
reported neurodegeneration mechanisms, such as oxi-
dative stress, lipid peroxidation and neuroinflammation 
might also be involved.

The “Nicotinate and nicotinamide metabolism” 
describes a general pathway of vitamins and cofac-
tors metabolism and involves the nicotinamide-adenine 
dinucleotide (NAD+) and nicotinamide-adenine dinu-
cleotide phosphate (NADP+) precursors, nicotinate and 
nicotinamide (also known as vitamin B3). The NAD+ and 
NADP+ are essential coenzymes in redox reactions of 
respiration and are thus involved in energy production, 
while they also participate in other biological processes, 
such as gene expression, cell cycle, DNA repair and cell 
death [111]. Both niacin and its derivative nicotinamide 
have a neuroprotective role and they have been impli-
cated in neurodegenerative diseases, such as AD, PD 
and HD [111, 112]. Furthermore, nicotinate and nicoti-
namide, among other vitamins and cofactors have been 
described for their potential contribution in the treat-
ment of oxidative stress-induced neuromuscular diseases 
[113].

“Cholesterol biosynthesis” is part of the lipid metabolism; 
cholesterol, together with sphingolipids and phospholipids 
are key elements of membrane lipid bilayers [114]. Under 
the hypothesis that the sphingolipid metabolism could be 
affected in SA, the regulation of the general lipid metabo-
lism might be affected as well. The production of cholesterol 
is vital for the cell, as it is required for the biogenesis and 
maintenance of the plasma membrane, as well as the trans-
membrane communication between cellular compartments 
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[115]. In the brain, cholesterol acts as a precursor molecule 
for the production of steroid hormones and myelin. Many 
neurodegenerative diseases, such as AD, PD, ALS, SCA3 and 
Niemann-Pick disease type C are characterized by impaired 
cholesterol turnover in the brain [115–119]. The relation of 
cholesterol to mitochondria has also been under the spot-
light regarding neurodegeneration. Mitochondria require 
cholesterol for membrane synthesis as well, but also for the 
production of steroids, oxysterols and hepatic bile acids. 
In  vitro studies in model systems of cholesterol-enriched 
mitochondria and mitochondria isolated from cells with 
pathophysiological cholesterol accumulation, were used to 
show that disturbances in the amount of mitochondrial cho-
lesterol affect the mitochondrial function. Elevated levels of 
cholesterol have been observed in several neurodegenerative 
diseases [120].

Finally, the “MAPK signaling pathway” has been previ-
ously associated with a number of neurodegenerative dis-
eases, including AD, PD and ALS, while it also contributes to 
neuroinflammation. Studies have also shown that the molec-
ular mechanisms behind neuronal damage induced by oxi-
dative stress involve a death mode in which MAPK signaling 
pathways are strongly implicated [121, 122].

In addition to the above pathway analyses, the currently 
produced data have been further compared with our pre-
vious work data [10] towards the possible identification 
of more pathways and/or the strengthening of the current 
findings. The most significant findings of our previous work 
included the Sphingolipid metabolism and signaling path-
way, the PI3K-Akt signaling pathway, the MAPK signaling 
pathway, the Calcium signaling and mitochondrial-associ-
ated pathways, as well as the Insulin signaling pathway. Com-
parison of these data with the current, enabled the extraction 
of common findings. Interestingly, “Proteoglycans in cancer” 
consistently appeared through pathway comparisons of all 
the current tissues (Fig. 5) with the relevant previous work 
tissues, while the “MAPK signaling” was identified through 
FCLs and LCLs comparisons. The “Sphingolipid signaling 
pathway” was also identified through LCLs comparisons, 
while the “PI3K-Akt signaling” resulted from the FCLs com-
parisons. Subsequent pathway to pathway networks con-
structions for all the tissues and addition of supplementary 
pathways in order to fill in any missing connections between 
the pathway nodes and to discover additional pathway con-
nections added more findings: the “MAPK signaling path-
way” in iPSC-derived neurons, the “Sphingolipid signaling 
pathway” and “Sphingolipid metabolism” in FCLs, and the 
“PI3K-Akt signaling pathway” as a complementary in FCLs 
and LCLs (Fig.  5). Overall, the “MAPK signaling pathway” 
that was identified in all three tissues analysed, shows a 
direct connection with “PI3K-Akt” and “mTOR signaling” 
pathways, while these pathways also share an association 
with “Sphingolipid metabolism” and “apoptosis”. Overall, the 

comparison of the results of the current study and our pre-
vious work has strengthen the possible involvement of the 
above-mentioned pathways in the pathogenesis of GBA2-
caused SA and highlighted possible pathway synergies that 
could be further examined to draw valid conclusions.

Due to the rarity of GBA2-caused SA, this work presents 
information based on a limited sample size of iPSC-derived 
neurons (one patient and one control), FCLs (two patients 
and two controls) and LCLs (three patients and six con-
trols). For this reason, two different approaches of pathway 
analysis were performed, and the results were evaluated 
and compared with our previous work on a large number 
of ataxia and spasticity phenotype gene expression datasets, 
as well as the bibliography. This work discusses the possible 
implication of the identified pathways in GBA2-caused SA 
pathogenesis; nevertheless, additional studies should be per-
formed using a larger sample of patients, in order to estab-
lish stronger connections of the suggested pathways to the 
disease.

Conclusions
In conclusion, our work examines for the first time the tran-
scriptome profile of SA patients homozygous for the GBA2 
c.1780G > C variant, as well as of control individuals, and 
presents the identification of DEGs through patient-control 
comparisons. In addition, pathway analyses using the DEGs 
data highlight the most interesting pathways as candidates 
for the GBA2-associated SA, after performing further assess-
ment using our previous work data and bibliography reports. 
Our results support the implication of oxidative stress to the 
disease that has previously been proposed as a pathogenic 
mechanism in other neurodegenerative diseases, and also 
provide information about the possible involvement of the 
MAPK, the PI3K-Akt/mTOR signaling pathways, as well as 
the neuroinflammation and the lipid metabolism dysregu-
lation. In addition, our work strengthens the implication of 
the sphingolipid metabolism, in which GBA2 participates, 
and supports a possible cross-talk between the sphingolipid 
metabolism with some of the proposed pathways, as indi-
cated by the in-silico network analysis. These results suggest 
that several pathways rather than a single, could be deregu-
lated thus leading to the SA phenotype. Since some of the 
pathways were found to be connected through the in-silico 
approach performed, the effect of each pathway deregula-
tion, as well as the synergies between these pathways could 
be investigated and confirmed or excluded through experi-
mental studies. Moreover, because of the limitation of the 
small sample size that is included in the current study, 
additional similar or even larger sample-sized gene expres-
sion studies on SA patients diagnosed with GBA2 muta-
tions could be performed, thus enabling comparison with 
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the current findings or repetition of the data analyses after 
pooling more sample data (including this study samples). 
Furthermore, in case of lack of additional SA patient data, 
animal models and/or human cell lines could be used to 
functionally study the proposed pathways in disease and 
compare with control state. Such approaches might ena-
ble the extraction of more specific and significant findings 
including a possible exclusion of some pathways or the iden-
tification of novel. Furthermore, this study provides a list of 
common DEGs and pathways within tissues of SA patients 
that could be further validated in a larger sample size and in 
additional more easily accessible tissues (i.e. blood) towards 
the discovery of disease biomarkers. Overall, our work indi-
cates GBA2-associated SA candidate pathways in human for 
the first time, and provides knowledge that could contribute 
to the disease pathogenetic mechanism determination.
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